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Oxygen-derived free radicals and relatedoxidants are ubiquitous and
short-lived intermediates formed in aerobic organisms throughout
life. These reactive species participate in redox reactions leading to
oxidative modifications in biomolecules, among which proteins and
lipids are preferential targets. Despite a broadarray of enzymatic and
nonenzymatic antioxidant systems inmammalian cells andmicrobes,
excess oxidant formation causes accumulation of new products that
may compromise cell function and structure leading to cell degener-
ation and death. Oxidative events are associated with pathological
conditions and the process of normal aging. Notably, physiological
levels of oxidants also modulate cellular functions via homeostatic
redox-sensitive cell signaling cascades.On theother hand,nitric oxide
(•NO), a free radical and weak oxidant, represents a master physio-
logical regulator via reversible interactions with heme proteins. The
bioavailability and actions of •NO are modulated by its fast reaction
with superoxide radical (O•−

2 ), which yields an unusual and reactive
peroxide, peroxynitrite, representing themerging of the oxygen rad-
icals and •NO pathways. In this Inaugural Article, I summarize early
and remarkable developments in free radical biochemistry and the
later evolution of the field towardmolecular medicine; this transition
includes our contributions disclosing the relationship of •NOwith re-
dox intermediates andmetabolism. Thebiochemical characterization,
identification, andquantitationofperoxynitrite and its role in disease
processes have concentratedmuch ofour attention. Being amediator
of protein oxidation and nitration, lipid peroxidation, mitochondrial
dysfunction, and cell death, peroxynitrite represents both a patho-
physiologically relevant endogenous cytotoxin and a cytotoxic effec-
tor against invading pathogens.

free radicals | nitric oxide | peroxynitrite | oxidation |
protein tyrosine nitration

The toxicity of endogenously formed oxygen radicals in bi-
ological systems was initially substantiated in studies of “ox-

ygen poisoning” parallel to the discovery of the mechanisms of
radiation-induced injury (1). (A free radical is a molecule con-
taining an unpaired electron in its external molecular orbital;
typically, radicals are reactive and short-lived intermediates.)
Indeed, oxygen radicals arising from the radiolysis of water such
as hydroxyl radicals (•OH) and superoxide radicals (O•−

2 ) and,
later, peroxyl radicals (ROO•) were identified as key mediators
of the actions of ionizing radiation (2). In the 1950s, an in-
creasing body of evidence pointed to the biological formation of
oxygen radicals associated with cell redox metabolism starting
with the monovalent reduction of molecular oxygen by electron
transfer proteins or endogenous reductants to yield O•−

2 :

O2 + e−→O•−
2 . [1]

Oxygen Radicals: From Radiation Chemistry to Metabolism
Seminal works such as refs. 1 and 2 opened the hypothesis that
the rate of O•−

2 formation in tissues would increase as a function
of oxygen concentration as follows:

d
�
O•−

2

��
dt= k½R•�½O2�, [2]

where R• represents electron donors present in different cellular
and extracellular compartments.
Although these early proposals seemed reasonable, the actual

demonstration of the biological formation of oxygen radicals, and in
particular O•−

2 , was “reached gradually and as the result of travel-
ling a tortuous path,” as indicated by Irwin Fridovich (3). Indeed,
the idea of a continuous and endogenous formation of unstable and
potentially toxic intermediates derived from oxidative metabolism
was initially difficult to accept. Much of the early mechanistic work
on the biochemistry of O•−

2 formation had to do with understanding
the enzymology of an enzyme, xanthine oxidase (XO), that partic-
ipates in the last step of purine catabolism in mammals; XO cata-
lyzes the oxidation of hypoxanthine and xanthine to uric acid
utilizing molecular oxygen as cosubstrate (Fig. 1, Upper part).
Indeed, circumstantial evidence of O•−

2 generation during the
aerobic oxidation of xanthine by XO was obtained in experiments in
which added sulfite (SO2−

3 ) was oxidized (4). Sulfite oxidation pro-
ceeded through a free radical process initiated by XO-derived O•−

2
to yield the sulfur trioxy radical, which, in turn, reacts with molecular
oxygen evolving to peroxymonosulfate radical anion (5, 6):

SO2−
3 +O•−

2 + 2H+→ SO•−
3 +H2O2, [3]

SO•−
3 +O2→ SO•−

5 . [4]

SO•−
5 is a strong one-electron oxidant and serves to propagate

the free radical chain reaction (5). The additional oxygen con-
sumption secondary to sulfite oxidation in the XO-catalyzed re-
actions was utilized for the development of an ultrasensitive
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enzyme assay (4) and also to reveal free radical formation from
other enzymatic reactions (7).
Some years later, it was also demonstrated that XO was

capable of reducing ferric cytochrome c (cyt c3+) by an
O•−

2 -dependent process (reviewed in ref. 3):

cyt  c3+ +O•−
2 →cyt  c2+ +O2. [5]

(As deducted from Eqs. 3 and 5, O•−
2 can behave both as a one-

electron oxidant and reductant.) The biochemical characteriza-
tion of the XO-dependent reduction of cytochrome c constituted
the foundation for the discovery of the O•−

2 catabolizing enzyme,
Cu/Zn-containing superoxide dismutase (Cu/Zn-SOD), which
competed with the cytochrome c reduction process (8) by the
following reaction:

O•−
2 +O•−

2 + 2H+   �!SOD
 H2O2 +O2. [6]

The discovery of an enzyme capable of the enzymatic elimination
of O•−

2 at rates approaching the diffusion-controlled limit (k =
2 × 109 M−1·s−1) represented a fundamental step to further es-
tablish the idea of the endogenous formation of O•−

2 in cells and
the need to keep its steady-state levels low, to minimize toxicity
due to uncontrolled oxidation reactions on biological targets.
[The action of SODs has to be complemented with an array of
enzymatic H2O2-detoxifying systems (peroxiredoxins, glutathi-
one peroxide, catalase); otherwise, H2O2 can also promote oxi-
dations, in particular in the presence of transition metal centers
that evolve it to •OH via the Fenton reaction.]
Through an extensive analysis of XO enzymology, it was estab-

lished that molecular oxygen can be reduced either mono-
valently or divalently, simultaneously yielding O•−

2 and H2O2 (Fig.
1). The XO-dependent formation of reactive species was many years
later associated with the ischemia reperfusion syndrome and other
disease conditions (revisited in ref. 9). It is important to note that
O•−

2 is neither a strong oxidant nor a strong reductant, and thus it
has a moderate and selective reactivity with biomolecules compared
with other biologically relevant oxidants and radicals (10). Overall,
its toxicity mainly relies in the combination of direct reactions with
a short number of key biotargets (11) and the formation of sec-
ondary reactive species such as peroxynitrite (see below; refs. 12–14).

Xanthine Oxidase and Chemiluminescence: Early Work on
Free Radicals
At about the same period that Fridovich and Handler at Duke
University were characterizing the formation of free radicals
generated during the aerobic oxidation of xanthine by XO (4,
15), related experiments were carried out at the Facultad de
Medicina, Universidad de la República in Montevideo, Uruguay,
under the leadership of the American biochemist John R. Totter
(1914–2001), who arrived at the Department of Biochemistry as a
visiting professor under the auspices of the Rockefeller Founda-
tion during the period of 1958–1960; Prof. Totter was an experi-
enced investigator in chemiluminescence and XO enzymology and
had previously been a scientist of the Oak Ridge National Labo-
ratory (in Tennessee) and the Atomic Energy Commission (in
Washington, DC). (Historical information about John R. Totter
can be found at ethw.org/John_Totter and https://ehss.energy.gov/
ohre/roadmap/histories/0481/0481toc.html#0481_part.) The arrival
of Dr. Totter in Montevideo resulted in the vigorous incorporation
of instruments and modern biochemical research in our de-
partment, and he initiated studies in the area of free radical and
redox biochemistry. Indeed, Totter and a young group of collab-
orators focused on biochemical studies to characterize the for-
mation of reactive oxygen species generated during the catalytic
action of XO through the utilization of chemiluminescence probes,
namely luminol (5-amino-2,3-dihydrophthalazine-1,4-dione) and
lucigenin [10-methyl-9-(10-methylacridin-10-ium-9-yl)acridin-10-ium
dinitrate]. In landmark papers (16, 17), it was shown that luminol
and lucigenin chemiexcitation connected to the formation of XO-
derived species (Fig. 1); while the exact chemical nature of the re-
active species was not precisely disclosed, the works suggested the
participation of oxygen-derived radicals, including •OH and O•−

2 .
With time, chemiluminescence probes have been extensively used
in vitro and in vivo to reveal oxidant formation in biological systems,
although caveats regarding their specificity and selectivity must be
closely taken into consideration. Luminol chemiexcitation by oxygen
radicals involves the formation of a transient electronically excited
species (i.e., excited aminophatalate) that decays to the ground state
with the emission of light (Fig. 1, Lower part) (18).
Importantly, free radical processes in biological systems also

yield fractional amounts of electronically excited states, such as
singlet molecular oxygen and triplet carbonyls (19); the excited
states promote chemical modifications in target molecules and also

Fig. 1. Xanthine oxidase-catalyzed purine oxidation, oxygen radical formation, and luminol chemiluminescence.
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generate low-level chemiluminescence (20, 21); this last phenom-
enon has been used to unravel free radical activity in vivo.
After Prof. Totter returned to the United States, one his former

associates Eugenio Prodanov continued the characterization of
XO enzymology and chemiexcitation processes, and the studies
were initially published in Anales de la Facultad de Medicina (22,
23); this prosperous research period finished at about the time of a
new publication (24), due to social and political instability in the
country, which also caused the exile of Prof. Prodanov to France,
which lasted until the mid-1980s. In late 1985, Prodanov, recently
returned to the university, invited me (at the time an instructor in
the Department of Biochemistry, and an MD and future PhD
student) to join him to reinitiate the “Montevideo free radical
group,” and I did; after a few years of rebuilding the laboratory
and setting up experiments, we accomplished the first interna-
tional publication of the “new period” (25) with the character-
ization of the modulatory actions of SOD and cytochrome c on
XO-induced chemiluminescence, a quite important milestone to
us. This work (25) was among the first to reveal that cytochrome c
could elicit a peroxidase-like activity in the presence of H2O2, a
process later revealed to have profound consequences in mito-
chondria and cell redox biology (26). The mechanisms of lumi-
nescent probes chemiexcitation continued to be a focus of the
group for several years and was later integrated in studies on
peroxynitrite-induced chemiluminescence (27).

Intracellular Sources of Superoxide and Oxidative Stress
Seminal work in the 1970s led to the characterization of key in-
tracellular and extracellular sources of O•−

2 , namely the mito-
chondrial electron transport chain (28, 29) and membrane-bound
NADPH oxidase (reviewed in ref. 30), respectively. Mitochondrial
formation of O•−

2 [and consequently H2O2, due to enzymatic
dismutation by the mitochondrial Mn-containing SOD (11)] is a
continuous process due to “electron leakage” to molecular oxygen
from the electron transport chain complexes I and III and a series
of dehydrogenases (reviewed in refs. 31 and 32). Indeed, most of
molecular oxygen in mitochondria (in my view, >99.5%) is re-
duced by four electrons to water at the terminal oxidase of the
respiratory chain, cytochrome aa3. A conservative estimate is that,
under physiological conditions, <0.2% of total oxygen consumed
by mitochondria is reduced monovalently to O•−

2 . However, as
mitochondrial oxygen consumption rates are large, O•−

2 fluxes can
be significant [e.g., in the order of 0.5 μM/s in vascular endothelial
cells (33)]. Moreover, mitochondrial fluxes of O•−

2 enhance several
folds under pathologically relevant conditions, hyperoxia and in
the process of aging (33–35). Moderately increased levels of mi-
tochondrial O•−

2 may serve some signaling actions due to the mi-
tochondrial emission of H2O2 (36); however, large fluxes of O•−

2
and H2O2 lead to oxidation of mitochondrial components and
cause mitochondrial dysfunction and even signaling of apoptotic
cell death (37). Two significant oxidative events triggered by
augmented mitochondrial O•−

2 are (i) the inactivation of mito-
chondrial aconitase, the oxidant-sensitive enzyme of the Krebs
cycle, through disruption of its iron–sulfur cluster (15, 38); and (ii)
the induction of mitochondrial lipid peroxidation secondary to the
reactions of H2O2 with cytochrome c (26, 39), which in turn lead
to the cytosolic release of proapoptotic factors. Interestingly, the
reaction of mitochondrial O•−

2 with the 4Fe–4S of aconitase (Eq.
7) not only impacts in the metabolic flux of the Krebs cycle but
also leads to Fe release that subsequently amplifies oxidative
events via Fenton-like reactions (Eq. 8) (40):

O•−
2 + ½4Fe-4S�2+ + 2H+→H2O2 + ½3Fe-4S�1+ +Fe2+, [7]

Fe2+ +H2O2→Fe3+ + •OH+OH−. [8]

While Eq. 8 indicates the formation of hydroxyl radical (•OH),
the most powerful oxidizing intermediate reported in biological
systems, the actual nature of the proximal oxidant(s) varies depend-
ing on the nature of the low–molecular-weight Fe chelator (e.g.,

organic acids, ATP); indeed, Fe4+=O complexes are formed in
variable ratios with “authentic” (•OH) (41).
Another key source of O•−

2 was discovered in immune system
cells in the 1970s, mainly in neutrophils and macrophages, the en-
zyme NADPH oxidase. This is a multicomponent enzyme complex
that is assembled and activated in the plasma membrane of
phagocytic cells (reviewed in ref. 30). While normally in a resting
state, upon appropriate stimulation such as phagocytosis of invading
pathogens (bacteria, intracellular parasites), a signaling process
permits the translocation of cytosolic components of the enzyme
toward the membrane and assembles the active form of the enzyme
which triggers O•−

2 production toward the extracellular milieu in a
process originally described as the “oxidative burst” (Eq. 9):

NADPH+ 2O2→NADP+ + 2O•−
2 +H+. [9]

In this process, O•−
2 is formed upon the monovalent reduction of

molecular oxygen at the expense of reducing equivalents of
NADPH; large levels of O•−

2 for relatively short periods of time
(15–30 min for neutrophils, 60–90 min for macrophages) and
mainly directed to the oxidative killing of invading pathogens.
More recently, it has been evidenced that many other cell types
contain a similar enzymatic activity, now known as the family of
the NOX enzymes (42), but in this case the levels of O•−

2 formed
are substantially less and participate in signaling actions in phys-
iological processes (e.g., in vascular endothelial cells NOX activ-
ity participates in the modulation of blood pressure).
As new sources of O•−

2 were progressively identified, it became
evident that under a wide array of pathophysiologically relevant
conditions, O•−

2 and secondary oxidants participate in the disruption
of redox balance and promote oxidation reactions that may lead to
cellular toxicity. A cutting-edge review in 1982 by Freeman and
Crapo (43) elaborated on the possible intracellular and extracellular
sources of free radicals and oxidants and their modifying actions on
protein, lipid, sugar, and DNA, underscoring the connection oxi-
dative damage and the biology of disease. In 1986, Helmut Sies
brought forward the concept of “oxidative stress” as an imbalance
between oxidant and antioxidant systems in favor of the latter, a
central concept in the area that was refined more recently (reviewed
in ref. 31). The updated definition takes into consideration the
emergence of additional oxidizing intermediates identified in the
late 1980s and early 1990s such as nitric oxide (•NO) and perox-
ynitrite and the recognition of the role that redox intermediates can
play in cell signaling, expanding the breadth of the actions of oxi-
dants from pathology to physiology. While redox signaling involves
reversible oxidative modifications (e.g., such thiol oxidation in per-
oxiredoxins), oxidative damage typically relates to less reversible or
irreversible ones (e.g., protein tyrosine nitration).

Endothelial-Derived Vascular Relaxation Factor Is Nitric
Oxide: Early Data on Interactions with Superoxide Radicals
In the mid-1980s, the chemical identity of the endothelial-derived
vascular relaxation factor (originally described as EDRF by Furch-
gott, reviewed in ref. 44) was revealed as •NO, a free radical, by
Moncada and coworkers (45) and Ignarro et al. (46). Nitric oxide,
being a small, neutral, and hydrophobic molecule, is capable of
permeating cell membranes and moves through cell compartments
to exert paracrine functions in the vascular wall. The diffusion of
•NO across tissues is limited by its fast reaction with oxyhemoglobin,
and therefore the actions of •NO are mainly local within a tissue;
the estimated biological half-life and diffusion distances are on
the order of 1–10 s and 50–1,000 μm, respectively. Soon after the
characterization of the basic biological actions of •NO in the
vasculature, evidence indicated that •NO could be a physio-
logical mediator in other tissues and organs, and its role in neu-
rotransmission and cellular immune responses was appreciated.
Most of the biological formation of •NO relies on a tightly con-
trolled enzymatic reaction catalyzed by nitric oxide synthases
(NOS), which are present in three isoforms [endothelial NOS
(eNOS), inducible NOS (iNOS), and neuronal NOS (nNOS)] (47).
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Among the different pieces of evidence that characterized the
identity of EDRF, it was reported that its stability was shortened
by O•−

2 and, conversely, that SOD increased its biological half-life
(48–50). These early observations made from a physiological
perspective were, without much notice, the basis for the genesis of
new concepts in the area of redox and free radical biology and
medicine. Indeed, the radical nature of •NO was, at first glance, of
little significance for the physiological community. In the late
1980s and early 1990s, a merging of •NO and redox physiology and
biochemistry occurred, providing biological context to the obser-
vation that •NO and O•−

2 could react with each other at diffusion
controlled rates (51). This reaction of •NO with O•−

2 was initially
conceived by the physiological community as a way to “regulate”
its biological half-life: perceived as an “oxidative inactivation”
of •NO, the reaction would simply lead to unreactive products,
mainly nitrate, NO−

3 .

Peroxynitrite: A “Stealthy” Biological Oxidant
The discovery of peroxynitrite as a biological oxidant was seeded
by combined data from the physiological (48–50) and chemical
(reviewed in ref. 52) literature.
First, O•−

2 can react with •NO in aqueous solution to yield
peroxynitrite anion (51):

O•−
2 + •NO→ONOO−. [10]

Peroxynitrite anion is in equilibrium with peroxynitrous acid
(ONOOH): the pKa is 6.8 at 37 °C (13). Thus, under physiolog-
ically relevant pH conditions, both species coexist, a relevant
consideration because ONOO− and ONOOH react differently
(52). In addition, ONOOH is unstable in aqueous solution and in
the absence of molecular targets isomerizes to nitrate (NO−

3 );
importantly, an early report proposed that the isomerization of
ONOOH involved the intermediacy of •OH and nitrogen dioxide
(•NO2) radicals (53), consistent with the ONOOH-dependent
nitration of phenolic compounds (54).
The observations regarding the interplay of •NO with O•−

2 and
the formation of ONOO−, were integrated into a new biochemical
hypothesis of biological oxidative damage and disruption of redox
control in the early 1990s with the seminal observations made
by Beckman et al. (12), followed by Radi et al. (13, 55) and
Ischiropoulos et al. (56, 57), all based at the University of Alabama
at Birmingham.
Peroxynitrite was initially proposed as a biologically relevant

cytotoxic intermediate by Beckman et al. (12). This landmark
paper explored the chemical reactivity of peroxynitrite in the
presence of •OH scavengers, and as such attributed the potential
toxicity of peroxynitrite to the formation of •OH or •OH-“like”
species. The formation of the putative •OH product was due to
the proton-catalyzed homolysis of peroxynitrite; the formation of
•OH from ONOOH is estimated to occur at ≤30% yields (52),
with the rest directly isomerizing to nitrate (Scheme 1).
ONOOH decays with an apparent rate constant of 1.13 s−1 at

pH 7.4 and 37 °C in phosphate buffer (t1/2 = 0.6 s). Soon after the
report by Beckman et al. (12), the bimolecular reaction of perox-
ynitrite with thiols was discovered by Radi et al. (13), a process that
resulted to be significantly faster than peroxynitrite homolysis. In-
deed, using stopped-flow spectrophotometry, it was found that the

reaction of peroxynitrite with cysteine and the single thiol group
(Cys-34) of BSA had apparent second-order rate constant values of
4,500 and 2,600 M−1·s−1, respectively, at pH 7.4 and 37 °C. For
example, assuming an intracellular thiol concentration of 5 mM
and k2 on the order of 1,350 M−1·s−1 [e.g., for glutathione (GSH)
(58)] a pseudo–first-order rate constant of 6.75 s−1 is calculated, a
larger value than that of proton-catalyzed decay of peroxynitrite.
Moreover, the reported reactions in ref. 13 were three orders of
magnitude faster than the reaction of the same tested thiols with
H2O2. Mechanistic studies on the direct reaction of peroxynitrite
with thiols (52) indicate that the thiols are oxidized by two-electron
oxidation to yield the corresponding sulfenic acid:

ONOOH+RS− →RSOH+NO−
2 . [11]

The studies reported in ref. 13 paved the way for an extensive
characterization of the reactions and rate constants of peroxyni-
trite with a large variety of biomolecules and synthetic compounds
and helped to establish the preferential fates of peroxynitrite in
biological systems (reviewed in ref. 52). Overall, the kinetic assess-
ment of peroxynitrite reactions leads to the conclusion that the
formation of •OH in biological systems is a quantitatively marginal
process. Still, peroxynitrite-derived •OH and •NO2 may play roles
in biomembrane and lipoprotein oxidation, hydrophobic biostruc-
tures where the levels of direct reactants with peroxynitrite are
scarce and one-electron oxidations propagate by chain reactions
involving lipid-derived radicals (59).
Peroxynitrite was also shown to promote the nitration of tyro-

sine residues in proteins in a process catalyzed by transition metal
centers. Indeed, Ischiropoulos et al. (57) found that peroxynitrite
led to the nitration of SODs; the hydrophilic tyrosine analog [p-
hydroxyphenylacetic acid (p-HPA)] was utilized as a “ nitration
probe” to demonstrate the formation of peroxynitrite by macro-
phages as a result of the cogeneration of •NO and O•−

2 (56). Thus,
peroxynitrite started to be visualized as a cytotoxic effector mol-
ecule against invading organisms such as bacteria and unicellular
parasites that could be phagocytized by macrophages or neutro-
phils (60–64). These initial works prompted an exploration of the
role of peroxynitrite in a variety of inflammatory (65), cardiovas-
cular (66, 67), and neurodegenerative (68) conditions, among
other various diseases (reviewed in ref. 52). A thorough view of
the contributory role of peroxynitrite to pathology has been
reported elsewhere over the last decade (14, 52, 69, 70).
Recent work has also confirmed the formation of heme-

peroxynitrite complexes during the interactions of heme com-
pounds with •NO and O2 (71). A notable and biological example
of this type of structure involves the oxidation of •NO to NO−

3 by
oxyhemoglobin according to the following reaction (Eq. 12):

Hb2+O2 + •NO→
�
Hb2+O2NO

�
→

�
Hb3+ONOO−� 

→Hb3+ +NO−
3 .

[12]

The intermediate [Hb3+ONOO−] complex readily isomerizes ap-
proximately quantitatively to NO−

3 by an “in-cage” recombination
of •NO2 with an oxo-ferryl (Fe4+=O) intermediate (72). However,
the efficiency of isomerization seems not to be 100%: very small
amounts of •NO2 leak out of the cage (71, 73) and a minor per-
centage of oxy-Hb becomes nitrated (<1% yield) in the presence
of •NO. This marginal but continuous “radical leakage” from the
[Hb3+ONOO−] complex (a process that may extend to other tran-
sition metal-containing centers) likely contributes to hemoglobin
tyrosine nitration in normal blood cells (at α-Tyr24, α-Tyr42,
β-Tyr130). Peroxynitrite itself can cross the erythrocyte membranes
by anion channels (74) and react with oxyHb to mostly isomerize
to NO−

3 ; the reaction also yields ∼10% of oxo-ferryl intermedi-
ates, •NO2, and protein radicals (75), which can also contribute to
hemoglobin nitration. Oxidative modifications of hemoglobin in vivo
including tyrosine nitration are greatly enhanced in smokers and typeScheme 1. Proton-catalyzed decay of peroxynitrite.
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2 diabetes patients (76, 77), conditions that disrupt vascular •NO and
redox metabolism.

Carbon Dioxide Modulation of Redox Biochemistry: The
Carbonate Radicals
An important observation regarding the biological chemistry of
peroxynitrite was made during experiments I carried out to char-
acterize its reactivity with luminol (27). The original idea behind these
experiments, based on my earlier experience in chemiluminescence
(25, 78), was to find out whether luminol chemiluminescence
could be used to reveal peroxynitrite formation in biochemical and
cellular systems. Indeed, peroxynitrite induced a potent chem-
iluminescence response and, notably, in a way enhanced many fold
in carbonated buffers (27). The striking observation was rationalized
considering that bicarbonate/carbon dioxide (HCO−

3 =CO2) partici-
pated in the formation of an ONOOCO−

2 intermediate (nitroso-
peroxo-carboxylate) that could subsequently promote the first one-
electron oxidation step of luminol in the process of chemiexcitation.
Although the details of the reaction chemistry of peroxynitrite

with HCO−
3 =CO2 were not fully solved in the first contribution (27),

a series of subsequent observations by different groups (reviewed in
ref. 52) revealed the actual reactants and products (Scheme 2).
Indeed, a fast reaction of ONOO− with CO2 leads to a transient

adduct (ONOOCO−
2 ) that then undergoes homolysis to carbonate

radicals (CO•−
3 ) and •NO2 in ∼35% yields (52). The pH-independent

rate constant (kCO2) of the reaction is 5.8 × 104 M−1·s−1 at pH 7.4 and
37 °C. Considering that CO2 is in equilibrium with HCO−

3 and that in
biological systems CO2 is usually present in 1–2 mM concentration, it
became evident that CO2 constitutes a major reactant for peroxyni-
trite (79). These works underscored the role that CO2, previously
assumed to be a relatively inert molecule in redox biology, could play
in the modulation of peroxynitrite-mediated reactions biologically.
CO•−

3 is a good one-electron oxidant and, among other reactions,
promotes the one-electron oxidation of tyrosine to tyrosyl radical, a
key step for tyrosine nitration (see below). The final evidence dem-
onstrating the formation of CO•−

3 from the reaction of peroxynitrite
in carbonated media came from the first direct “visualization” of this
radical species in aqueous solution by direct electron paramagnetic
resonance studies in experiments performed in collaboration with
Ohara Augusto and coworkers (80) at the Universidade de Sao
Paulo, Brazil. More recent works support the idea that CO2 can also
modulate H2O2 biochemistry (81, 82).

Protein 3-Nitrotyrosine: Footprint and Mediator
Reactive species directly derived from the reduction of molec-
ular oxygen such as O•−

2 , H2O2, and
•OH lead to a variety of

oxidative modifications in biomolecules. Indeed, due to the
transient lifetime and low steady-state concentrations of these
species in biological systems, their formation is many times
inferred from more stable oxidation products found (e.g., protein
carbonyls, F2-isoprostanes, 8-oxo-guanine, for protein, lipid, and
DNA oxidation, respectively, among others). During the dis-
covery process that resulted in the recognition of peroxynitrite as
a biologically relevant oxidant, work by Ischiropoulos et al.
revealed protein 3-nitrotyrosine as characteristic oxidative modifi-
cation that could potentially serve as a “peroxynitrite footprint” (56,
57) [the biological half-life of peroxynitrite in cells and tissues is
estimated to be ∼10–20 ms (79)]. Indeed, peroxynitrite promotes
the nitration (i.e., substitution of a hydrogen by a –NO2 group) of
tyrosine residues to 3-nitrotyrosine (52). The first tested protein(s)

nitrated by addition of peroxynitrite were SODs (57) and the first
characterized nitrated protein by X-ray crystallography was the
bovine CuZn-SOD (83); during the nitration process of the protein,
the observable color of the solution changed to yellow, due to the
characteristic absorption of 3-nitrotyrosine in the 420-nm region
at pH ≥7.4.
I vividly remember a day in 1991 when Joe S. Beckman came to

my area of the laboratory at the University of Alabama at Bir-
mingham with a test tube containing a yellowish solution of per-
oxynitrite-treated CuZn-SOD, which was immediately followed by
an enthusiastic conversation on the possible nature of the protein
color change. The nitration of tyrosine residues causes a large
change in the pKa of the phenolic hydroxyl group in tyrosine
of ≥3 pH units from ∼10.5 to 7–7.5, and this change implies that in
the physiological pH region, a significant fraction of 3-nitrotyrosine
is deprotonated at the –OH group, and therefore the negatively
charged nitrophenolate species is responsible for the yellow color.
Protein tyrosine nitration was initially conceived as a specific foot-
print of peroxynitrite, but it was later found that tyrosine residues
could be also nitrated in vivo via peroxynitrite-independent mech-
anisms, which include the participation of hemeperoxidases such as
myeloperoxidase (MPO) and eosinophil peroxidase (EPO) (84).
Indeed, one key alternative pathway for protein tyrosine nitration
in vivo under acute inflammatory conditions relies on the reactions
catalyzed by MPO released by activated neutrophils utilizing as
substrates H2O2 and NO−

2 (85). Irrespective of the nature of the
nitrating system, the overall mechanism of protein tyrosine nitration
in vivo relies on free radical chemistry. Peroxynitrite does not react
directly with tyrosine (86), but rather peroxynitrite-derived radicals
and other one-electron oxidants (Ox) lead to the intermediate
formation of tyrosyl radical (Tyr•), which in turn reacts at near
diffusion-controlled rates with •NO2 to yield the stable final prod-
uct, 3-nitrotyrosine (87) (Fig. 2).
A review of the biologically relevant mechanisms of tyrosine ni-

tration has been presented recently (52). Overall, the presence of
protein 3-nitrotyrosine reveals the formation and reactions of •NO-
derived oxidants, and the relative relevance of peroxynitrite vs.
other nitrating systems can be disclosed experimentally (87). Wisely,
the nitration of the probe p-HPA and quantitation of nitro-p-HPA
in the extracellular milieu of activated macrophages provided the
first estimations of feasible biological fluxes of peroxynitrite
(56). The development of antibodies that recognize protein 3-
nitrotyrosine (67, 88) was crucial to suggest peroxynitrite formation
under pathologically relevant conditions such as atherogenesis, in-
flammation, sepsis, and neurodegeneration. Later, bioanalytical de-
termination of protein 3-nitrotyrosine in human plasma and
tissues allowed a more quantitative view of the role of 3-nitro-
tyrosine as a disease biomarker and predictor (reviewed in ref. 89).

Scheme 2. Peroxynitrite reaction with carbon dioxide and formation of secondary radicals.

Fig. 2. Free radicals and the process of tyrosine nitration.
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In addition, a large number of studies analyzing the formation of
protein 3-nitrotyrosine in preclinical models of disease and the
data accumulated in human tissues and fluids have confirmed the
role of peroxynitrite in human pathology (52, 69, 70, 90).
The nitration of tyrosine residues in proteins was studied long

before any of its relevance in vivo was known. Indeed, seminal
studies in the 1960s utilized synthetic nitrating agents such as
tetranitromethane (TNM) to explore how chemical modifications
in tyrosine residues could impact protein function (91). Despite
the fact that the proximal mechanisms of nitration and the se-
lectivity of nitrated tyrosine residues usually differ when compar-
ing nitrating agents such as TNM and peroxynitrite (52), a large
amount of the early information turned out to be useful to unravel
the role of tyrosine nitration in protein structure and function.
Moreover, more recent evidence indicated the protein tyrosine
nitration could occur in the gastric lumen by the action of nitrite
under the acidic pH conditions of the stomach [e.g., pepsin (92)],
indicating that some of the early chemistry of tyrosine nitration
may apply to some biologically relevant conditions. The incorpo-
ration of a nitro group in tyrosine can cause relevant changes in
protein structure and function, depending on the role and location
of the tyrosine residue. The nitration of tyrosine usually generates
an additional negative charge to the protein and adds a relatively
bulky substituent to the protein, which may affect local charge
distribution and/or conformation (52). Several examples of loss
and gain of protein function by nitration have been established.
Moreover, protein tyrosine nitration can elicit autoimmune re-
sponses and affect tyrosine phosphorylation cascades and protein
turnover (52).

Nitric Oxide Termination of Lipid Peroxidation and Lipid-
Derived Radicals in Tyrosine Nitration
The reaction of •NO with O•−

2 typically leads to pro-oxidant events
with the intermediacy of peroxynitrite (55), including lipid per-
oxidation of polyunsaturated fatty acids present in biomembranes
and lipoproteins (93). However, •NO can also terminate free
radical processes and stop radical chain propagation reactions.
The first example of such process was provided with the obser-
vation that lipid peroxidation can be inhibited by excess •NO and
yield a variety of nitroso- and nitro-fatty acid-derived products
(94). Indeed, the oxidation of unsaturated fatty acids in bio-
membranes and lipoproteins is initiated by a one-electron oxida-
tion leading to the formation of a lipid alkyl radical (L•), which
rapidly reacts with molecular oxygen to yield the corresponding
lipid peroxyl radical (LOO•), the key species in the propagation of
the lipid peroxidation process. Typically, LOO• will cause the
oxidation of an adjacent unsaturated fatty acid moiety, although
this is a slow reaction; however, •NO will readily react with LOO•

to yield oxidized and nitrosated fatty acid intermediates (e.g.,
LOONO) that then can ultimately evolve to a series of nitrated
(e.g., LONO2) fatty acid species. Moreover, nitrated fatty acids,
in particular nitroalkenes, are good electrophiles and elicit a
wide range of potent biological (and pharmacological) actions
(95), including antiinflammatory properties.
On the other hand, LOO• can promote oxidation of amino acids,

“connecting” lipid peroxidation and protein oxidation processes in
biomembranes and lipoproteins. A specific example of this type of
reactivity is exemplified by the one-electron oxidation of tyrosine to
tyrosyl radical by LOO•, which promotes tyrosine oxidation and
nitration (96). In this context, molecular oxygen becomes a key
modulator of tyrosine oxidation yields when LOO• is the proximal
oxidant of tyrosine (59). Moreover, this chemistry facilitates the
formation of intertwined products arising from the combination
reaction of LOO• with Tyr•, the Diels Alder adducts (97).

Superoxide Dismutases, Nitric Oxide, and Peroxynitrite
One of the most intriguing kinetic aspects in relation to the for-
mation of peroxynitrite in vivo relies on the fact that the ubiquitous
presence of SODs in intracellular and extracellular compartments
should largely limit the reaction of O•−

2 with •NO. Indeed, SODs are
typically present in significant amounts [e.g., ∼10–20 μMofMnSOD

in mammalian mitochondria (33)] and the reaction rate constant of
O•−

2 dismutation (Eq. 6) (kSOD, Scheme 3) is close to the diffusion-
control limit (∼1–2 × 109 M−1·s−1). Thus, at first glance is difficult to
conceive the competition for O•−

2 by •NO, usually present at sub-
micromolar concentrations under most physiologically relevant
conditions [e.g., 100 nM during eNOS activation (98)].
However, this competition exists, even under physiological

conditions, leading to the formation of basal levels of peroxynitrite
and peroxynitrite-derived products, such as tyrosine nitrated pro-
teins. A critically important aspect to consider is that the rate
constant for the reaction of O•−

2 with •NO (Eq. 10) (kNO, Scheme
3) to yield peroxynitrite is one order of magnitude higher than that
of SOD-catalyzed O•−

2 dismutation. The extremely fast reaction is
one of the few examples of O•−

2 reactivity exceeding that with SOD
[as an example, the rate constant of O•−

2 with Fe–S-containing
dehydratases such as aconitase is 106 to 107 M−1·s−1 (99)]. Under
low levels of •NO (10–100 nM), most of the O•−

2 “flux” will be
channeled through the SOD reaction; still a percentage of O•−

2 will
react with other targets, most notably •NO, and therefore a con-
tinuous flux of peroxynitrite will be generated under basal physi-
ological conditions. Upon sustained overactivation of the constitutive
NOS (eNOS or nNOS) or induction of iNOS, •NO will approach or
exceed micromolar levels and will more efficiently compete with
SOD, resulting in more significant fluxes of peroxynitrite. A subtle
issue is that increases in SOD activity (e.g., induction or over-
expression) only partially mitigate peroxynitrite formation rates, due
to the concomitant transient increase in •NO levels (secondary to the
lowering of the steady-state concentration of O•−

2 !). In other words, it
is not kinetically possible to fully impede peroxynitrite formation by
SOD in •NO-producing cells.
A notable example of the interplay among O•−

2 , •NO, and SOD
is the case of the mammalian MnSOD. Indeed, MnSOD has been
shown to react and become inactivated by peroxynitrite secondary
to the nitration of critical Tyr34 in vitro and in vivo (52, 100). The
rate constant and mechanism leading to the site-specific nitration
of Tyr34 have been solved (101). Importantly, due to the metal-
catalyzed mechanism of nitration in the active site, peroxynitrite is
the only known nitrating agent that results in MnSOD inactivation
via nitration. Thus, detection of Tyr34 nitrated MnSOD in vivo
reflects intramitochondrial formation or actions of peroxynitrite.
We have extended the observations of peroxynitrite-mediated

MnSOD nitration and inactivation to evolutionarily related Fe-
containing SODs (not present in mammals), including those of the
protozoan parasite Trypanosoma cruzi, the causative agent of
Chagas disease (102). Peroxynitrite is a key macrophage-derived
cytotoxic agent released to the phagosomes of activated macro-
phages upon T. cruzi invasion and promotes protein tyrosine ni-
tration in the parasite (64). The reactions of the cytosolic and
mitochondrial isoforms of T. cruzi Fe-SODs with peroxynitrite have
been disclosed (102), but the biological relevance of these findings
in parasite infectivity and virulence demands further investigation.

Thiols, Peroxiredoxins, and Peroxynitrite
The relatively fast reaction of peroxynitrite with low molecular
thiols in comparison with H2O2 led to the initial idea that com-
pounds such as GSH, present at millimolar concentrations in
mammalian cells, could be preferential targets of peroxynitrite
in vivo. However, the later described and much faster reaction with

Scheme 3. Competition of SOD and nitric oxide for superoxide radical.
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CO2 (and other biomolecules) indicated that typical thiols would be
outcompeted by other targets for peroxynitrite. In this context, a
notable observation was made in the early 2000s by Nathan and
coworkers (103) indicating that a class of thiol-containing antioxi-
dant enzymes in bacteria, the peroxiredoxins, react at large rates
with peroxynitrite and reduce it to NO−

2 due to the occurrence of
“fast reacting thiols”; in this context, microbial and mammalian
peroxiredoxins have been identified as significant biological sinks of
peroxynitrite (52, 104). Indeed, different peroxiredoxins react with
peroxynitrite with k ranging from 106 to 107 M−1·s−1, three to four
orders of magnitude faster than with GSH at physiological pH.
Peroxiredoxins act as peroxynitrite oxido-reductases by the two-
electron reduction of peroxynitrite to NO−

2 (Eq. 11) and have
proven to detoxify and protect from the cytotoxic effects of perox-
ynitrite (52). Redox partners such as thioredoxins or related pro-
teins or thiol compounds reduce the thiol-oxidized peroxiredoxins
back to the native state. Moreover, microbial peroxiredoxins (64)
and other fast thiol-containing peroxidases (105) have been char-
acterized as virulence factors because of their neutralizing action on
peroxynitrite released by activated macrophages and neutrophils.
Recent compilations of the second-order rate constants of

H2O2 and peroxynitrite with fast reacting protein thiols show
that while in many cases the values reached are similar for both
peroxides, this is not always the case, with some proteins reacting
at significantly faster rates with peroxynitrite (106). These data
support selectivity on intracellular reactions of protein thiols
with peroxynitrite (vs. H2O2) and points to the possibility of the
existence of “peroxynitrite sensors” or “peroxynitrite relay sys-
tems” in signaling processes.
On the other hand, the participation of low–molecular-weight

thiols such as GSH in the modulation of peroxynitrite-dependent
reactions (e.g., the inhibition of protein tyrosine nitration) rely on
one-electron redox processes, including the fast reduction of •NO2
and radical intermediates (e.g., repair of tyrosyl radical back to
tyrosine) (52).

Nitric Oxide, Peroxynitrite, and Mitochondria
Early work showed that sustained •NO production by cells leads
to alterations in cellular respiration (107–109). This property of
•NO led to the postulation that some of the cytotoxic effects of
immunostimulated macrophages toward target cells were due
to the inhibition of the mitochondrial electron transport chain.
In fact, long incubation times of cells with •NO lead to in-
activation of mitochondrial electron transport complexes I and
II (110). At the time, I found these observations intriguing,
because due to the modest reactivity of •NO with biomolecules it
was not obvious to expect that •NO per se would permanently in-
terfere in the activity of the electron transport complexes. Thus, we
postulated that this •NO-dependent process was not due to •NO
itself, but rather to peroxynitrite, likely to be formed intra-
mitochondrially. Indeed, utilizing intact mitochondria prepa-
rations, we found that exposure to peroxynitrite caused patterns of
electron transport flow inhibition that fully recapitulated the data
observed in cells (111). Moreover, peroxynitrite caused in-
activation of NADH dehydrogenase and succinate dehydrogenase,
without affecting cytochrome oxidase. Interestingly, the resistance
of cytochrome oxidase to peroxynitrite is in part due to its capacity
to act as a peroxynitrite reductase (112). On the other hand, pure
•NO was found to cause reversible inhibition of complex IV by
binding to the heme group of cytochrome oxidase (in competition
with molecular oxygen). The contribution of several groups during
the mid-1990s (reviewed in refs. 111 and 113) and more current
data support the idea that enhanced •NO levels reaching mito-
chondria cause mitochondrial dysfunction through a sequence
of events: (i) reversible inhibition of respiration at complex IV,
(ii) enhanced “electron leakage” and formation of mitochondrial
O•−

2 , (iii) formation of peroxynitrite, (iv) oxidation, nitration, and S-
nitrosation of mitochondrial complexes I and II, and (v) inactivation
of complexes I and II. This sequence of events contributes to al-
teration in electrochemical gradients, mitochondrial redox and
bioenergy homeostasis, opening of the permeability transition pore,

and subsequent apoptotic signaling. To note, peroxynitrite arising
from extramitochondrial sites can also reach mitochondria and
cause oxidative damage. As mitochondria are main sources of CO2,
some of the peroxynitrite will react with it and through the sec-
ondary radicals (Scheme 2) trigger the one-electron oxidation of
ubiquinol to ubisemiquinone (114), a process that further promotes
mitochondrial O•−

2 formation.
Overall, mitochondria constitute a “sink” of •NO due the

continuous formation of O•−
2 . This characteristic explains why

under basal conditions mitochondria already have a significant
level of nitrated proteins and that key mitochondrial proteins,
including MnSOD, become significantly nitrated under patho-
logically relevant conditions (115).

Biological Quantitation of Peroxynitrite
Amajor issue in the field of free radical and redox biology relates
to the “quantities” of oxidants generated in biological systems and
how this generation can be recapitulated in experiments in which
oxidants are administered to cells and tissues. A key distinction to
make has to do with the distinct issue of formation rates vs. steady-
state concentrations, which most of the time is underappreciated
(116). For example, O•−

2 formation rates by different cell types
ranging from bacteria (117) to vascular endothelial cells (33) are
on the order of micromolar per second and largely increase during
the disruption of redox homeostasis or NADPH oxidase activation
in inflammatory cells. However, due to the high concentration of
SOD (5–20 μM) and dismutation rate constant, O•−

2 steady-state
concentrations are estimated to be on the nanomolar level. Nitric
oxide formation rates after NOS activation or induction are also in
the micromolar per second range. In this context, indirect mea-
surements in early work estimated peroxynitrite formation rates of
∼5 μM·s−1 inside the phagosome of activated macrophages, a
value fully compatible with the toxic effects of added peroxynitrite
over intracellular pathogens [e.g., Trypanosoma cruzi, Escherichia
coli (60, 61)]. The translation of concentrations and effects of
cellular fluxes of peroxynitrite vs. addition of pure peroxynitrite
(either bolus or infusion) is not evident, but mathematical ap-
proximations and experimental evidence permit to affirm that the
initial estimations of peroxynitrite formation rates and its corre-
lation with cellular effects were reasonable (52). Recent experi-
ments confirm the role of peroxynitrite in intracellular pathogen
killing (64), and studies with probes for peroxynitrite such as
boron-based compounds have confirmed the estimation of forma-
tion rates in different cell types (118, 119). Because of the different
systems that intracellularly consume or decompose peroxynitrite,
the resulting steady-state concentrations can be estimated in the
nanomolar range (79).

Nitric Oxide-Derived Oxidants and Disease
Formation of peroxynitrite and, in general, of •NO-derived
oxidants is associated to a variety of frequent disease processes,
including atherosclerosis, hypertension, neurodegeneration,

Fig. 3. MnP-catalyzed peroxynitrite decomposition.
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cancer, inflammation, and sepsis (52, 69, 70). The •NO/O•−
2 in-

teractions can mediate pathophysiological effects by (i) blunting
the salutary actions of •NO, (ii) the oxidation and nitration re-
actions promoted by peroxynitrite, or by a combination of both
effects. It is largely documented that protein tyrosine nitration
constitutes a good oxidative biomarker of disease progression.
Moreover, peroxynitrite and protein tyrosine nitration partici-
pate also in the normal aging process (120, 121). In addition to
peroxynitrite, other •NO-derived oxidants participate in disease
conditions that involve inflammation. In fact, neutrophil or eo-
sinophil activation and degranulation lead to release of hem-
eperoxidases (MPO, EPO) that promote the formation of a
chlorinating, brominating, and nitrating species (85, 87). Dis-
closing the relative contribution of the peroxynitrite-dependent
and independent pathways on protein tyrosine nitration is rele-
vant for the development of appropriate therapeutics, for ex-
ample, to neutralize either the peroxynitrite or MPO-pathways
(87, 122). Hemeperoxidases can further contribute to the bio-
chemistry of •NO-derived oxidants by (i) catalyzing peroxyni-
trite-dependent nitration reactions (52) and (ii) consuming •NO
by their compounds I and II, converting it to NO−

2 (123); overall,
hemeperoxidases act as catalytic sinks of •NO at sites of in-
flammation, limiting its bioavailability and redirecting its chem-
istry toward nitration.
Selected examples of protein tyrosine nitration and its asso-

ciation to functional changes that may be relevant in disease
conditions have been reported recently (52). As a relevant ex-
ample, it was early shown that endogenous formation of perox-
ynitrite and protein tyrosine nitration participate in apoptosis of
motoneurons in culture (124); later work, in an animal model of
ALS, demonstrated the formation of protein-derived radicals
and 3-nitrotyrosine in motoneurons of the spinal cord during
disease progression (125). Interestingly, peroxynitrite-dependent
motor neuron apoptosis can be prevented by cell-permeable
tyrosine-containing peptides that spare key proteins from nitra-
tion (126) such as HSP90. Indeed, nitro-HSP90 was identified as
an inductor of motor neuron cell death (127).

Redox-Based Therapeutics to Neutralize Peroxynitrite
As the evidence grew in regards to the participation of peroxynitrite
as a pathogenic mediator, strategies were conceived and developed
to cope with it. One obvious possibility is to inhibit the formation of
peroxynitrite by decreasing the formation of •NO and/or O•−

2 . In-
deed, NOS and NADPH oxidase inhibitors have been successfully
utilized to prevent the formation of peroxynitrite and attenuate
oxidative damage (64, 128). Alternatively, pharmacologically di-
rected to decompose peroxynitrite or scavenge peroxynitrite-derived
radicals have proven to be successful in vitro and in vivo. I will
comment on a series of examples of molecules that interfere with
the effects of peroxynitrite by direct or indirect reactions. Organo-
metallic compounds of the Mn-porphyrin (MnP) type have been
characterized as peroxynitrite decomposition catalysts, among other
possible redox functions (129–131). MnP are administered in the
Mn3+ state and are reduced intracellularly to the Mn2+ by various
enzymatic and nonenzymatic systems, including complexes of the
mitochondrial electron transport chain (132). Once in the Mn2+
state, they can readily react with peroxynitrite anion with rate
constants on the order of 106 to 107 M−1·s−1, reducing it to NO−

2 and
leaving MnP in the 4+ state of compound; the latter goes back to

the 3+ state by low–molecular-weight compounds including GSH,
uric acid (UA), or ascorbate (Asc) (52), and then the catalytic cycle
of peroxynitrite decomposition reinitiates (Fig. 3).
Notably, MnTBAP, a MnP largely applied to attenuate oxidative

stress in cell and animal models of disease and typically quoted as a
“SOD mimetic,” lacks significant SOD activity in vivo and its direct
“antioxidant” actions are likely due to peroxynitrite decomposition
(133). MnP have been shown to neutralize peroxynitrite-dependent
processes in many disease conditions, decreasing oxidation and
nitration of cell/tissue components and resulting in improved bi-
ological outcome. The safe levels of MnP that can reach cells and
organelles [including mitochondria (134)] are in the micromolar
range, a value that can compete well with other prevalent reactions
of peroxynitrite, including the one with CO2 (79). MnP represent a
class of compounds useful in preclinical disease models and that
keep promise for application in some clinical conditions. In the case
of molecules that efficiently scavenge peroxynitrite-derived radicals,
a notable example is uric acid (52). Indeed, enhanced levels of
endogenous uric acid or uric acid administration decreases the toxic
effect of peroxynitrite in vitro and in vivo and largely decreases
protein tyrosine nitration (135). Similarly, expansion of the mito-
chondrial ubiquinol pool (114) or administration of mitochondria-
targeted ubiquinol (mitoQ) (136) results in protection against
peroxynitrite-induced mitochondrial dysfunction by interception of
radical intermediates arising from peroxynitrite in vitro and in vivo.
Other approaches to intercept peroxynitrite-derived radicals in-
clude the use of cell-permeable tyrosine-containing peptides (126).
Finally, recent studies have shown that organic Se compounds can
activate redox-sensitive signaling pathways (such as Nrf-2 and
FoxO3) and result in up-regulation of cytosolic and mitochondrial
antioxidant enzyme systems (including MnSOD and peroxirex-
odins) that decrease intracellular concentrations of peroxynitrite
and protect cells from peroxynitrite-dependent toxicity (137).

Final Reflection
About 60 y have passed since the realization that free radicals and
oxidants could be formed endogenously. In this context, my three
decades of research have mainly concentrated on biochemical
mechanisms that lead to the enzymatic and nonenzymatic formation
of these species, their reactions with biomolecules, and their influ-
ence in physiological and pathological processes. Our studies on the
O•−

2 /•NO interplay and the oxidative chemistry of peroxynitrite have
contributed to the understanding of conditions of mitochondrial
dysfunction and alterations of cell redox homeostasis that play roles
in human disease. In this sense, redox-based therapeutics represent
promising tools to restore cell and tissue homeostasis via direct
detoxification of reactive intermediates and/or by triggering cyto-
protective and antioxidant signaling pathways. My research path
benefitted from bridging and integrating scientific knowledge gen-
erated over decades and by fostering synergistic interactions be-
tween redox biochemistry and molecular medicine.
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